Objective: We aimed to determine (a) longitudinal changes of inflammatory and oxidative stress markers and (b) the association between markers of inflammation and perioperative complications in coronary artery bypass surgery (CABG) patients treated with intensive vs conservative blood glucose (BG) control.
Objective: We aimed to determine (a) longitudinal changes of inflammatory and oxidative stress markers and (b) the association between markers of inflammation and perioperative complications in coronary artery bypass surgery (CABG) patients treated with intensive vs conservative blood glucose (BG) control.
Methods:
Patients with diabetes (n = 152) and without diabetes with hyperglycemia (n = 150) were randomized to intensive (n = 151; BG: 100-140 mg/dL) or to conservative (n = 151; BG: 141-180 mg/dL) glycemic targets. Plasma cortisol, high-sensitivity C-reactive protein (hsCRP), tumor necrosis factor-a, interleukin-6 (IL-6), thiobarbituric acid-reactive substances, and 2 0 -7 0 -dichlorofluorescein were measured prior to and at days 3, 5, and 30 after surgery.
Results: Intensive glycemic control resulted in lower mean BG (132 6 14 mg/dL vs 154 6 17 mg/dL, P , 0.001) in the intensive care unit. Plasma cortisol and inflammatory markers increased significantly from baseline after the third and fifth day of surgery (P , 0.001), and returned to baseline levels at 1 month of follow-up. Patients with perioperative complications had higher levels of cortisol, hsCRP, IL-6, and oxidative stress markers compared with those without complications. There were no significant differences in inflammatory and oxidative stress markers between patients, with or without diabetes or complications, treated with intensive or conventional glucose targets.
Conclusion:
We report no significant differences in circulating markers of acute inflammatory and oxidative stress response in cardiac surgery patients, with or without diabetes, treated with intensive (100-140 mg/dL) or conservative (141-180 mg/dL) insulin regimens. (J Clin Endocrinol Metab 102: 309-315, 2017) E xtensive observational and prospective randomized clinical trials in cardiac surgery patients, with and without diabetes, indicate a strong association between hyperglycemia and poor clinical outcomes (1, 2) . Hyperglycemia is reported in 60%-90% of patients with diabetes, and in more than half of patients without diabetes, undergoing coronary artery bypass graft (CABG) surgery (3) (4) (5) . The development of hyperglycemia following surgery increases rates of complications, infection, and mortality, as well as hospital length of stay, when compared with patients who maintain normoglycemia (6) (7) (8) . Several underlying mechanisms have been implicated in the detrimental effects of hyperglycemia during the perioperative period, including impaired neutrophil granulocyte function, impaired wound healing, high circulating free fatty acids, increased platelet aggregation and prothrombotic state, endothelial dysfunction, and immune dysregulation (9) (10) (11) .
A strong body of evidence indicates that hyperglycemia is associated with an increased proinflammatory and oxidative state. High levels of proinflammatory markers, such as tumor necrosis factor-a (TNF-a), interleukin (IL)-6, IL-1, and C-reactive protein (1, 12, 13) observed after cardiac surgery have been attributed to surgical trauma, cardiopulmonary bypass, as well as pulmonary and myocardial reperfusion (14) (15) (16) . In cross-sectional studies, the extent of the inflammatory response has been associated with a higher risk of complications after cardiac surgery (17, 18) . However, no prospective studies have investigated longitudinal changes in inflammatory and oxidative stress markers during the perioperative period in patients treated to intensive [target blood glucose (BG) 100-140 mg/dL] vs conservative (141-180 mg/dL) glycemic targets following CABG surgery. Accordingly, we aim to report levels of cortisol, oxidative stress markers, and circulating cytokines at baseline and postoperatively in insulin-treated patients recruited to the GLUCO-CABG trial, a prospective randomized study comparing the effect of intensive and conservative glucose control in CABG surgery patients with and without diabetes (5).
Materials and Methods
The design and methods of the GLUCO-CABG trial have been described previously (5) . In brief, this was a 3-center, open-label clinical trial that enrolled CABG surgery patients with perioperative hyperglycemia, defined as BG .140 mg/dL. Patients were randomly allocated to intensive or conservative insulin therapy after CABG surgery. Patients with and without diabetes assigned to the intensive control group (n = 151) received continuous insulin infusion (CII) adjusted to maintain a glucose target between 100 and 140 mg/dL in the intensive care unit. Those assigned to the conservative control group (n = 151) received CII adjusted to maintain a glucose level between 141 and 180 mg/dL in the intensive care unit. After discontinuation of CII, subjects were transitioned to a single-treatment protocol aimed to maintain a glucose target ,140 mg/dL before meals, both during the hospital stay and 90 days after discharge. We reported no difference in a composite of complications, including sternal wound infection (deep and superficial), bacteremia, respiratory failure, pneumonia, acute kidney injury, major cardiovascular events (acute myocardial infarction, congestive heart failure, and cardiac arrhythmias), or death between patients treated with intensive compared with conservative glucose control (42% vs 52%, P = 0.08). However, we found heterogeneity in treatment effect according to diabetes status, with no difference in complications among diabetic patients treated with intensive or conservative insulin regimens (49% vs 48%, P = 0.87), but a significantly lower rate of complications in nondiabetic patients treated with intensive compared with conservative insulin therapy (34% vs 55%, P = 0.008).
One of the prespecified secondary outcomes in this trial was to examine the impact of intensive glucose control on plasma concentrations of cortisol and inflammatory markers during the perioperative period. Markers measured included plasma cortisol, high-sensitivity C-reactive protein (hsCRP), TNF-a, IL-6, as well as oxidative stress markers: thiobarbituric acid-reactive substances (TBARS) and 2 0 -7 0 -dichlorofluorescein (DCF). Blood samples were collected preoperatively (on the day of surgery or 1 day prior to surgery) and at days 3, 5, and 30 postoperatively.
All assays were performed in the Endocrinology/Lipoprotein Laboratories at the University of Tennessee Health Science Center (Memphis, TN), as previously described (13, 19, 20) . Briefly, levels of cardiovascular risk factors (hsCRP), metabolic hormones (cortisol), and proinflammatory cytokines (TNF-a and IL-6) were measured in plasma using a solid-phase, 2-site sequential chemiluminescent immunometric assay on an Immulite analyzer (Siemens Health Care Diagnostics Products, Malvern, PA). The coefficients of variation of the assays were all ,5%. The instrument calibrations for the assays were performed as recommended by the manufacturers and were within the specifications. Assays for markers of oxidative stress (reactive oxygen species) and lipid peroxidation were determined by DCF assay and malondialdehyde assay, respectively (13, 19, 20) . Normal fasting values in lean control nondiabetic subjects established in this laboratory for the cytokine assays are as follows: TNF-a ,5.0 pg/ml; IL-6 ,5.0 pg/ml; TBARS, 0. The study was conducted at 3 academic medical centers, including Emory University Hospital, Emory University Hospital Midtown, and Grady Memorial Hospital in Atlanta, GA. Exclusion criteria included patients with impaired renal function (serum creatinine $3.0 mg/dL or glomerular filtration rate ,30 ml/min/1.73 m 2 ), patients with hepatic failure, history of hyperglycemic crises, those at imminent risk of death, pregnancy, and patients or next of kin unable to provide consent. The institutional review board at Emory University approved the study protocol and consent.
Statistical analysis
The GLUCO-CABG trial was a 2-arm randomized multicenter, open-label, controlled, intention-to-treat trial. The primary objective of this study was to determine longitudinal changes in inflammatory response and oxidative stress between patients with and without diabetes and with and without perioperative complications during intensive and conservative insulin treatment. We used nonparametric Wilcoxon (or Kruskal-Wallis) tests to compare continuous variables between groups. We compared discrete variables based on x 2 test or Fisher's exact test. We performed repeated measures analysis of variance to assess longitudinal changes of inflammatory markers between groups. Continuous variables are reported as mean 6 standard deviation, unless specified otherwise. Discrete variables are reported as count and percent. For all analyses, a 2-sided a ,0.05 was considered significant. All analyses were performed using SAS software version 9.2 (SAS Institute, Cary, NC).
Results
Inflammatory and oxidative stress markers were collected in all 302 patients in the GLUCO-CABG trial: 151 in the intensive group and 151 in the conservative group. The clinical characteristics of patients included in the current study are shown in Table 1 . The groups were well balanced with no significant differences in the mean age, racial distribution, body mass index, smoking history, American Heart Association procedure-specific cardiac risk category, duration of diabetes, or hospital length of stay between treatment groups. There were no differences between intensive and conservative treatment groups in the mean glucose on admission, during randomization, or during surgical intervention (Table 1) . After discontinuation of CII, 98% of patients with diabetes and 49% of patients without diabetes were transitioned to subcutaneous insulin regimen. In addition, there were no differences in mean daily glucose posttransition during the hospital stay between intensive and conservative groups (143.4 6 27.6 mg/dL vs 141.3 6 29.1 mg/dL, P = 0.44).
Levels of inflammatory and oxidative stress markers increased from baseline, peaking at about day 3, and returning to baseline 30 days after surgery. In the crosssectional analysis, there were no differences in inflammatory and oxidative stress markers between the intensive and conservative groups (Fig. 1) . Levels of cortisol, hsCRP, and IL-6 increased significantly at days 3 and 5 after surgery, with return to baseline at day 30 after surgery ( Fig. 1) .
There were fewer patients with 1 or more perioperative complications in the intensive insulin compared with patients in the conservative treatment group, but differences did not reach statistical significance (44% vs 56%, P = 0.10). Consistent with prior studies, patients experiencing complications had significantly higher plasma levels of cortisol, hsCRP, IL-6, and oxidative stress markers during the postoperative period when compared with patients without complications (all, P , 0.02), as shown in Figure 2 .
Changes in inflammatory markers stratified by history of diabetes and presence of perioperative complications revealed significant elevations in cortisol and IL-6 in patients with complications, regardless of the presence or absence of pre-existing diabetes (Fig. 3) . In addition, we observed that oxidative stress markers (TBARS, DCF) in nondiabetic patients with complications were significantly higher (P # 0.003 and P , 0.005, respectively) press.endocrine.org/journal/jcemcompared with those without complications, a change that was not observed in the diabetic cohort (Fig. 3) .
Discussion
This study aimed to determine longitudinal changes in inflammatory response and differences between patients with and without diabetes and perioperative complications treated with intensive and conservative glucose targets. We observed significant elevations in acute inflammatory response markers after the third and fifth day of surgery, which returned to baseline levels after 1 mo of follow-up. Patients with surgical complications had higher levels of inflammatory and oxidative stress markers; however, we observed no significant differences in the inflammatory response in subjects with or without diabetes treated with intensive (target BG: 100-140 mg/dL) or conservative (BG: 141-180 mg/dL) insulin regimens. Several mechanisms could explain the transient elevation of inflammatory and oxidative stress markers following CABG surgery. On one hand, the acute systemic inflammatory response can be the result of surgical trauma, cardiopulmonary bypass, and organ reperfusion injury (12-15, 21, 22) . Cardiopulmonary bypass has been shown to impact the cellular and noncellular elements of blood, resulting in the activation of different proinflammatory cascades (23, 24) , generation of reactive oxygen species, and oxidative stress after cardiac surgery (25) . The extent of the inflammatory and oxidative response has been linked to a higher risk of complications after surgery (15, 17, 18) . In contrast, the development of hyperglycemia has also been shown to induce monocytes to produce proinflammatory cytokines, chemokines, and increased levels of serum acute-phase proteins such as TNFa, IL-6, and IL-1b (13, 26) . This increased inflammatory and oxidative stress state can lead to insulin resistance and press.endocrine.org/journal/jcemvascular dysfunction (13, 27) and has been proposed to play a role in the poor outcomes in diabetic patients with acute cardiovascular events, stroke, and in those undergoing cardiac surgery (2). Our study is unique in multiple areas. This longitudinal study analyzes changes in inflammatory and oxidative stress markers during the perioperative period in hyperglycemic patients with and without diabetes treated with intensive and conservative insulin regimens after CABG surgery. Our study confirms previous studies that reported higher increments from baseline in cortisol and inflammatory markers shortly after surgery, with higher levels in patients suffering perioperative complications compared with those without complications. Similar concentrations of cortisol and inflammatory markers were present independent of glucose control or a previous history of diabetes, suggesting that changes in the inflammatory response were related to the surgical insult more than the presence of hyperglycemia. However, elevations in oxidative stress markers were observed in nondiabetic patients, changes that were not observed in diabetic patients with complications.
We acknowledge the following limitations, including the relatively small number of participants and the fact that all patients received insulin therapy when glucose levels were .140 mg/dL, not allowing for the determination of the effect of persistent untreated hyperglycemia on inflammatory and oxidative stress. In addition, the small difference in mean glucose concentration between intensive and conservative groups may have prevented observation of significant changes in inflammatory markers. Our study was not powered to look separately at inflammatory marker levels or complication risk in nondiabetic patients randomized to intensive vs conservative glycemic control. Further studies are needed to investigate the role of inflammatory markers and perioperative glycemic control in nondiabetic patients.
In summary, the results of this study indicate that CABG surgery is associated with a significant elevation in inflammatory and oxidative stress markers, which is independent of insulin regimens targeting intensive (BG: 100 and 140 mg/dL) or conservative (BG: 141 and 180 mg/dL) glucose values. Higher levels of inflammatory and oxidative stress markers, which were independent of glucose concentration and intensity of treatment, were observed in patients with perioperative complications compared with patients without hospital complications.
